1 H NMR was used to investigate the molecular structure, and dynamic properties of soluble, recombinant, substrate-free human heme oxygenase (apohHO) on a comparative basis with similar studies on the substrate complex. Limited but crucial sequence-specific assignments identify five conserved secondary structural elements, and the detection of highly characteristic dipolar or H-bond interactions among these elements together with insignificant chemical shift differences confirm a strongly conserved folding topology of helices C-H relative to that of substrate complexes in either solution or the crystal. The correction of the chemical shifts for paramagnetic and porphyrin ring current influences in the paramagnetic substrate complex reveals that the strength of all but one of the numerous relatively robust H-bonds are conserved in apohHO, and similar ordered water molecules are located near these H-bond donors as observed in the substrate complexes. The unique and significant weakening of the Tyr 58 OH hydrogen bond to the catalytically critical Asp 140 carboxylate in apohHO is suggested to arise from the removal of the axial Hbond acceptor ligand rather than the loss of substrate. The interhelical positions of the conserved strong Hbonds argue for a structural role in maintaining a conserved structure for helices C-H upon loss of substrate. While the structure and H-bond network are largely conserved upon loss of substrate, the variably increased rate of NH lability dictates a significant loss of dynamic stability in the conserved structure, particularly near the distal helix F.
Heme oxygenase (HO)
1 is a non-metal enzyme that catalyzes the regiospecific cleavage of heme to yield ␣-biliverdin, iron, and CO (1) . Heme serves as both cofactor and substrate in a reaction that consumes three O 2 molecules, seven electrons, and nine protons (2) (3) (4) (5) . HOs are found in mammals as ϳ32-kDa membrane-bound enzymes in the key roles of heme metabolism, iron conservation (HO1) (6, 7) and generator of a putative neural messenger (HO2) (8) . Smaller, soluble analogs have been identified in pathogenic bacteria that are used to mine iron from the host (9, 10) and in plants and photosynthetic bacteria where they generate light-harvesting pigments (11) . The mechanism of HO appears the same despite the diverse origins of the enzymes and involves the iron-hydroperoxy, rather than the common ferryl heme, as the species that attacks the ␣-meso position (2, 4, 12) . Recent crystal structures of substrate-bound complexes of first a recombinant, soluble construct of mammalian HO (13, 14) (human HO (hHO)) and then rat HO (rHO) (15) (16) (17) followed by two bacterial HOs (18, 19) have revealed novel all-␣-helical enzymes comprised of eight helices (A-H) with the heme wedged between helix A, which provides the highly conserved proximal His, and a conserved distal helix F that exhibits a significant kink near a Gly-Gly or Gly-Ala linkage. The ␣-stereoselectivity of the HO reaction has been attributed to a combination of obvious steric blockage of all but the ␣-meso position by the proximity of the distal helix to the heme (13, 15, 18) and steric tilt of the axial ligand (16, 20 -24) in the direction of the ␣-meso position.
The initial structural (13, 15, 16, 18) and spectroscopic (20 -29) studies have emphasized the substrate-HO complex in part because the heme serves as a chromophore that is very sensitive to its environment and in part because the substrate complex provided more suitable crystals. A hint of the problem in analyzing a substrate-free HO is found in the substrate complexes themselves. Thus, hHO-heme could be induced to crystallize only after truncating by ϳ30 residues the soluble construct, and the structure revealed two molecules per unit cell with key differences in the distal pocket (13) . The rHO complex crystallized as the 265-residue construct, but the terminal 30 residues are not detected (15) . The two structures also possess large distal vacancies and significant disorder for parts of the distal helix (13, 15) . First rHO (17) and very recently hHO (14) have had their crystal structure solved as the substrate-free or apoHO. Both agree on the general conservation of the folding topology relative to their respective substrate complexes but to different degrees. Hence aporHO failed to resolve the proximal helix A (17) , while in apohHO, the proximal helix A is ordered for any one molecule but is different among the four molecules in the unit cell (14) . Solution 1 H NMR studies have also found the substrate complexes of hHO to be heterogeneous, a static heterogeneity involving heme orientational disorder (21, 22, 30) and a dynamic heterogeneity for a given heme orientation that leads to severe broadening of numerous resonances (22, 23) and hence loss of information on parts of the active site. Thus, the crystal diffraction and solution 1 H NMR studies concur that HO does not possess a unique or well defined active site structure as is common to heme enzymes in general. Two-dimensional 1 H NMR studies on the paramagnetic cyanide-ligated substrate complex possessing both native protohemin (PH) (22) (R ϭ vinyl in Fig. 1 ) and a synthetic, twofold symmetric heme substrate (23, 28) , 2,4-dimethyldeuterohemin (DMDH) (R ϭ methyl in Fig. 1 ), have lead to assignment and structural characterization of the active site environment that, for the most part, agrees well with crystallographic data on the HO-PH-H 2 O complex with only small displacements of distal residues that might primarily reflect the effect of having a diatomic H-bond acceptor as ligand (CN Ϫ ) for the solution 1 H NMR and the H-bond donor water ligand for the crystal structure. A unique and important finding in the 1 H NMR studies was the existence for both the hHO complex (23) and one bacterial (24) HO complex of a novel H-bond network that extends from the distal pocket to the enzyme surface on the opposite side. While only the donors could be sequence-specifically assigned, (23, 24 ) the acceptors were readily identified in the crystal structures (13, 19) . Moreover strong, negative nuclear Overhauser effects between the H-bond donors and bulk water revealed (24, 28, 31) a series of water molecules that are immobilized (32) within the H-bond network and an aromatic cluster. The majority, but not all, of these water molecules are observed in the crystal structure (14) . Numerous proton donors of this H-bond network in hHO-DMDH-CN (23, 31) and hHO-PH-CN have been shown to exhibit significant low field bias (peptide NHs and OH between 10 and 17 ppm) relative to the shifts of the same functional groups in other proteins (BioMagResBank). 2 It has been demonstrated that peptide NH bond length (33-36) decreases and hence bond strength increases (37-41) with increased low field bias in the chemical shift. Peptide NHs and side chain OHs generally participate in relatively weak H-bonds with ⌬G ϳ 2-7 kcal/mol (39 -41) . Much stronger H-bonds with ⌬G Ͼ 10 kcal/mol, also called low barrier hydrogen bonds (with chemical shifts of 17-22 ppm), have been characterized for His ring NH and side chain OHs in the active site of enzymes where they participate in the catalytic mechanism (39 -41) . None of the peptide NHs or OHs for hHO (except possibly one, see below) fall into the low barrier hydrogen bond category. Inspection of the 1 H NMR data for folded proteins in the BioMagResBank reveals that the overwhelming majority of the peptide NHs and OHs exhibit chemical shifts well upfield relative to numerous members of this H-bond network. Hence such H-bonds in the network must represent some of the strongest in the "weak" H-bond category. Calibration of OH-O H-bonds indicates (37, 39, 40) (23, 31) may be in the borderline between the weak and low barrier hydrogen bonds. We report here on our initial two-dimensional 1 H NMR investigation of the diamagnetic, substrate-free enzyme, referred to as apohHO, that had as its goal the assessment of the extent of assignment of this large (265-residue) ␣-helical enzyme by homonuclear 1 H NMR and the determination of how much of the structural features (helices) found for hHO-substrate complexes (13, 23) are retained in the absence of substrate. In particular, we wished to determine whether and how the structure of the distal H-bond network (23) and its associated immobilized water molecules (28) are perturbed upon removing substrate. Our study utilized the same 1 H NMR protocols as were found to be successful for hHO-PH-CN and hHO-DMDH-CN (22, 23) , and our analysis of structure and dynamics was done solely on a comparative basis with hHO-DMDH-CN.
MATERIALS AND METHODS
Enzyme Preparation-The 265-residue soluble portion of hHO was expressed and purified as described previously (42) , and a ϳ1.5 mM apohHO 90% H 2 O, 10% 2 H 2 O solution at pH 7.4, 100 mM phosphate was prepared. An apohHO 2 H 2 O solution was prepared by column chromatography (43) .
NMR Spectroscopy-1 H NMR data were collected on Bruker AVANCE 500 and 600 spectrometers operating at 500 and 600 MHz, respectively. Reference spectra were collected in both 1 H 2 O and 2 H 2 O over the temperature range 10 -40°C at a repetition rate of 1 s Ϫ1 using a standard one-pulse sequence with saturation of the water solvent signal or via a "soft 3:9:19" pulse (44) to suppress the water signal. Chemical shifts are referenced to 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) through the water resonance calibrated at each temperature. Magnetization transfer from the bulk water was measured by "3:9:19" difference traces with saturation of the water signal and a similar trace with the decoupler power applied well outside the spectral window of interest (24, 28) . Selective spin lattice relaxation rates were determined in 1 H 2 O from the initial magnetization recovery of a soft pulse inversion-recovery 3:9:19 sequence. 600 MHz NOESY spectra (45) (mixing time, 40 ms) and 500 MHz Clean-TOCSY spectra (46) (spin lock of 15 and 30 ms) using MLEV-17 (47) were recorded over a bandwidth of 14 kHz (NOESY) and 12 kHz (TOCSY) with recycle times of 1 s using 512 t1 blocks of 128 -256 scans, each consisting of 2048 t2 points. Twodimensional data sets were processed using Bruker XWIN software on a Silicon Graphics Indigo work station and consisted of 30°sine-squared-bell-apodization in both dimensions and were zero-filled to 2048 ϫ 2048 data points prior to Fourier transformation.
Dipolar and Porphyrin Ring Current Shift Calculations-The dipolar shift for the paramagnetic hHO-DMDH-CN complex were calculated via Equation 1 (22, 23, 48) ,
where ⌬ ax and ⌬ rh are the axial and rhombic anisotropies of the paramagnetic susceptibility tensor; , R, Ј, and ⍀Ј are the coordinates for a proton in an iron-centered coordinate system, xЈ, yЈ, zЈ (see Fig. 1 ), determined from crystal coordinates; and ⌫(␣,␤,␥) is the Euler rotation that relates the magnetic coordinate system x, y, z where is diagonal to the reference coordinate system xЈ, yЈ, zЈ (see Fig. 1 ). The ironcentered reference frame, xЈ, yЈ, zЈ, and the previously reported magnetic axes, x, y, z, are shown where the tilt of the major magnetic (z) axis from the heme normal (zЈ) axis is given by the angle ␤, and its direction of tilt is defined by ␣, the angle between the projection z on the zЈ, yЈ plane and the xЈ axis. The rhombic axes are located by , the angle between the projection of the x, y axis onto the heme plane and the xЈ axis. P ϭ propionate.
where ␦ DSS (obs, hHO-heme-CN) and ␦ DSS (dia, hHO-heme-CN) are the chemical shifts, referenced to DSS, for the paramagnetic hHOheme-CN complex and an isostructural diamagnetic analog, respectively. In the absence of experimental data on a diamagnetic analog, the latter term has been estimated via Equation 3 (23),
where ␦ tetr , ␦ sec , and ␦ rc are the chemical shifts of an unfolded tetrapeptide (49), the influence of secondary structure (50) , and the effect of ring currents (51) , which are calculated with the hHO-heme-H 2 O crystal structure (13, 14) . For residues with large ␦ dip (Ͼ2 ppm), uncertainties in ␦ DSS (dia) are unimportant, and such data allowed the determination of a set of robust magnetic axes (⌬ ax ϭ 2.48 ϫ 10 Ϫ8 m 3 /mol, ⌬ rh ϭ Ϫ0.58 ϫ 10 Ϫ8 m 3 /mol, ␣ ϭ 243°, ␤ ϭ 21°, and ϭ 14°) as reported previously (23) with excellent correlation between ␦ dip (obs) and ␦ dip -(calc). The chemical shift perturbation experienced by hHO-DMDH-CN due solely to the ring current of the diamagnetic porphyrin, ␦ rc (porph), was obtained using the model of Cross and Wright (51) and the crystal coordinates of hHO-PH-H 2 O (13, 14) .
RESULTS
The resonance assignments and structural characterization were carried out on a comparative basis with those reported for the hHO-DMDH-CN and hHO-PH-CN complexes (22, 23) . If the apohHO and hHO-heme-CN complexes are isostructural (for all or a major portion of the enzyme), the chemical shifts for residues relatively remote from the heme should be essentially the same for the substrate and substrate-free complexes. This premise greatly aids the assignment protocols, and the ultimate analysis establishes, in fact, that the molecular structure and chemical shifts for a large portion of the apohHO are essentially the same as in the hHO-DMDH-CN complex.
The resolved low field portions of the 600 MHz 3:9:19 1 H NMR spectra of apohHO and hHO-DMDH-CN in 1 H 2 O are compared in Fig. 2 , A and C, respectively, and the assigned peaks are labeled. They differ primarily in the absence of the known heme peaks and one hyperfine shifted distal helix NH Sequence-specific Assignments-The resolved, low field signals participate in a series of five sequential fragments with
, and ␣ i -␤ i ϩ 3 dipolar contacts indicative of helical fragments (52) that exhibit essentially the same contacts as observed in hHO-DMDH-CN and hHO-PH-CN (23, 31) . The N i -N i ϩ 1 and some ␣ i -N i ϩ 1 contacts are illustrated in the portion of the NOESY spectrum shown in Fig. 3 , and the characteristic dipolar contacts are summarized schematically in Fig. 4 . TOCSY-detected aromatic ring spin systems (see the Supporting Information) exhibited the NOESY (Fig. 5) (23) in Table I . Spectral congestion precluded extending further these fragment assignments.
Tertiary Contacts among Secondary Structural ElementsOur structural conclusions below are depicted schematically in is essentially identical to that in the substrate complex (see Fig.  6 ). (Fig. 3C ) similarly establish a conserved disposition for helix D relative to helix C. As might be expected on the basis of the conserved C/D and C/FG helical contacts, the Tyr 58 to Phe 166 ring contacts in apohHO (Figs. 3C and 5 , B, D, and E) are not significantly altered from those in the substrate complex. Lastly the unaltered Tyr 114 (on helix C) contact with Ile 57 (on helix C) (see Fig. 5 , B and E) supports conserved relative dispositions of these two helices in apohHO.
It was not possible to locate the backbone for helix F (the "distal" helix in the substrate complex), helix G, or helix H (which also makes some contacts with the heme). However, helices F and H possess several key residues involved in the distal H-bonding network (23, 24) that are readily identified in apohHO (see Table II ). The 14.6 ppm peak exhibits (not shown) the same shift and essentially the identical NOESY cross-peak pattern (including contact to an Ala) as previously observed for Ϫ8 , ⌬ rh ϭ Ϫ0.58 ϫ 10 Ϫ8 m 3 /mol) and orientation (␣ ϭ 243°, ␤ ϭ 21°, ϭ 14°) of the paramagnetic (23) susceptibility tensor and the hHO-PH-H 2 O crystal coordinates (14) .
c The effected ring currents due to a diamagnetic porphyrin (51) for the crystal coordinates of hHO-PH-H 2 O. substrate complex (23) is provided uniquely by Asp 140 and is so assigned. A labile proton at 11.6 ppm exhibits no TOCSY crosspeak but displays a strong NOESY cross-peak to the C ⑀ H of Tyr 58 and a weak cross-peak to the C H of Phe 166 (Fig. 3C ), a contact that was expected (14) and observed (23) for the Tyr 58 OH in the substrate complex. This OH does not exhibit as strong a low field bias as in the hHO-PH/DMDH-CN complexes (23, 24) and hence is not as strong a H-bond donor to Asp 140 as in hHO-DMDH/PH-CN, but the presence of a weaker H-bond is supported by the ϳ11.6 ppm shift.
Aromatic Contacts-Tertiary contacts involving the aromatic rings are much more effectively addressed in 2 H 2 O as illustrated in the pertinent spectral window in Fig. 5 . Numerous other TOCSY-detected aromatic rings (not shown, see the Supporting Information) could be identified on the basis of their essentially completely conserved contacts among each other (Fig. 5) or with sequence-specifically assigned residues (Fig. 3) . Thus a three-spin ring (Phe) exhibits strong NOESY crosspeaks to the C ⑀ H and C ␦ H of Phe 167 (Fig. 5E ) and a weak cross-peak (by C H) to the Leu 164 C ␣ H (Fig. 5C ) and Phe 95 (Fig.  3F ) in a pattern that is identical to that observed in the substrate complex (23) (23) for hHO-DMDH-CN using the resonances with large (Ͼ2 ppm) dipolar shifts and estimated ␦ dip (obs) via Equations 2 and 3. However, when ␦ dip (calc) and ␦ dip (obs) for hHO-DMDH-CN are compared for residues with much smaller ␦ dip (Ͻ1 ppm), the correlation is much poorer as shown in Fig. 7A where we plot ␦ dip (calc) versus ␦ dip (obs) obtained via Equations 1-3 for the protons that have been assigned in both hHO-DMDH-CN and apohHO (see Table I ). If we assume that apohHO is isostructural with hHO-PH-H 2 O for the portions of the structure presently interrogated by 1 H NMR, then a much better estimate of the chemical shift for a diamagnetic analog would be given by Equation 4 ,
where ␦ rc (porph) is the ring current shift due solely to the diamagnetic porphyrin, which is calculated by standard ring current models (51) using the hHO-PH-H 2 O crystal coordinates (13, 14) (the values of ␦ rc (porph) are presented in the Supporting Information). These observed dipolar shifts obtained via Equations 2 and 4, designated ␦ dip (obs)*, and the ␦ dip (calc) on the basis of the previously reported magnetic axes (23) (values are listed in the Supporting Information) are plotted against each other in Fig. 7B . This plot reveals a considerably improved correlation over that depicted in Fig. 7A , although one residue in particular, Tyr 58 ring, produces a poor fit (see below). A reasonable conclusion is that the observed apohHO chemical shifts, when corrected for the effect of the diamagnetic porphyrin ring current with the substrate complex crystal structure, serve as very good estimates of ␦ DSS (dia, hHO-heme-CN).
Relative Strength of H-bonds-The chemical shifts for numerous labile protons exhibit low field bias for their functionality relative to data on other folded proteins (BioMagResBank) dictating that they participate in stronger than usual weak H-bonds (33, 38 -40) . With one exception (Tyr 58 OH, see "Discussion"), the chemical shifts (Table I ) of the labile protons of the H-bond network in apohHO are very similar to those for the same residues in hHO-DMDH/PH-CN (23, 31) . However, a quantitative comparison of shifts requires the subtraction of the effects of both the porphyrin ring current and the paramagnetic dipolar shift from the chemical shift for hHO-DMDH-CN. This correction for the porphyrin ring current on the basis of the apohHO crystal structures (51) and the dipolar shifts on the basis of the crystal structure in hHO-PH-H 2 O (14) and magnetic axes of hHO-DMDH-CN (23) leads to the comparison of the diamagnetic shifts in Table II . The "diamagnetic" chemical shift differences between apohHO and hHO-substrate-CN complex is small (Ͻ0.5 ppm). The only exception is the Tyr 58 O H for which the diamagnetic chemical shift is ϳ5 ppm further upfield in apohHO than in hHO-DMDH/PH-CN, and it must reflect a severe weakening of this H-bond upon loss of substrate and/or axial ligand.
Labile Proton Exchange-Several of the resolved low field labile proton signals in Fig. 2A Table III where they are compared with similar data under identical conditions for hHO-DMDH-CN. The remainder of the resolved labile protons in apohHO were not detectable (intensity, Ͻ0.05 protons) 6 ϫ 10 2 s Ϫ1 after the change of solvent, so that their exchange lifetimes at 25°C are Ͻ60 s. The ratio Q in Table III is the ratio of lifetimes in apohHO to that in hHO-DMDH-CN. Most half-lives for exchange are shorter in apohHO than in hHO-DMDH-CN, but the ratios vary significantly for the different H-bonds. The selective spin lattice relaxation rates (not shown) for the five slowly exchanging labile protons in apohHO were determined in the close range 19 -29 s Ϫ1 (24 Ϯ 5 s Ϫ1 ) and are similar to the rates previously measured for hHO-DMDH-CN (28) (19 Ϯ 5 s Ϫ1 ).
Magnetization Transfer between 1 H 2 O and Enzyme Labile Protons-
The effect on the low field, resolved labile protons of saturating the 1 H 2 O resonance for apohHO is shown in a difference trace in Fig. 2B , which can be compared with the difference trace under identical conditions for hHO-DMDH-CN in Fig. 2D for the protons listed in Table I . The magnetization transfer is negative (reduction in signal amplitude upon saturating 1 H 2 O) in each case, and the magnitude is ϳ15-20% in apohHO, which appears slightly larger (but not outside experimental uncertainties) than the 10 -15% observed for hHO-DMDH-CN. The fact that the N 1 H/N 2 H exchange rates (Ͻ10 Ϫ2 s Ϫ1 as listed in Table III ) are considerably smaller than the selective relaxation rates, 1 ϳ 24 Ϯ 5 s Ϫ1 , dictates that magnetization transfer must be attributed to NOEs to the slowly exchanging NHs either by a nearby, rapidly exchanging labile proton of apohHO or by an immobilized water molecule (24, 28, 32) . On the assumption that the portion of the molecular structure that contains the robust H-bond network is not significantly perturbed from that of the substrate complex (see "Discussion"), nearby, rapidly exchanging labile protons in apohHO as the basis of the NOEs to the slowly exchanging NHs can be excluded (32) as was the case for hHO-DMDH-CN. Hence the NOEs can be confidently assigned to immobilized water molecules.
Since similar magnitude NOEs to water for these slowly exchanging NHs were observed in hHO-PH/DMDH-CN, we propose that the ordered water molecules found to satisfy the NOEs in hHO-DMDH/PH-CN (28, 31) are retained in apohHO in solution as shown in Fig. 8 ; numbered and lettered spheres represent water molecules detected in the crystal structure of hHO-PH-H 2 O (14) and detected solely by 1 H NMR NOEs (28, 31), respectively.
DISCUSSION

Molecular Topology of ApohHO in Solution-
A total of only 33 residues could be assigned confidently in apohHO by 1 H homonuclear two-dimensional NMR, about half the number of assignments achieved for hHO-DMDH-CN by the same methods (23, 24) . Not assignable in apohHO are the residues on helices A (proximal) and B and numerous residues on helix F (distal) due to the loss of the informative hyperfine shifts and characteristic heme contacts that facilitate resolution and assignment in the paramagnetic hHO-DMDH/PH-CN complexes. However, for the remainder of the enzyme (encompassing helices C-H), the resolution afforded by the relatively robust Hbonds and aromatic rings allowed essentially the same extent of assignments in the substrate-free as in the substrate-bound complexes and hence allowed comparison of the molecular structure with hHO-DMDH-CN over a major portion of the enzyme. The secondary structural elements, including helices C-H, and their tertiary contacts for apohHO, as depicted schematically in Fig. 6 , are essentially the same as observed for hHO-DMDH-CN. This conclusion is based on three types of information: dipolar contacts (NOESY), H-bond interactions, and chemical shift comparisons. The NOESY data directly confirm at least portions of several conserved secondary structural elements (helices C, D, and E and helix/loop FG) in apohHO and the dipolar contacts between pairs of these elements (helix pairs C/D, C/E, C/FG, and D/FG) in a manner that is essentially indistinguishable from that in hHO-DMDH/PH-CN. The presence of helices F, G, and H is based on less direct, but nevertheless convincing data. Thus the conserved pattern of NOESY cross-peaks between the residues on confirmed helices C ( The chemical shifts for apohHO, upon adding the ring currents of the diamagnetic porphyrin (based on the hHO-PH-H 2 O crystal structure), serve as quantitative ␦ DSS (dia) for the dipolar shifts for hHO-DMDH-CN as illustrated in Fig. 7B . Since the diamagnetic chemical shifts in both the substrate and substrate-free complexes reflect significant influences of secondary structure, tertiary contacts, ring currents, and H-bonding effects (50) , the essentially identical diamagnetic contributions to the shifts of apohHO and hHO-DMDH-CN argue strongly for highly conserved molecular structures (with some possible exceptions involving Tyr 58 , see below) upon binding or loss of substrate for the portion of the molecular structure involving helices C-H. The present results, moreover, dictate that the chemical shift for apohHO (particularly relatively remote from the porphyrin) can serve as a more quantitative reference for estimating ␦ dip (obs) than the completely calculated values for the detection of magnetic axes for other HO substrate complexes.
H-bonding Network-The observation above of similarly low field shifted labile proton peaks in diamagnetic apohHO and paramagnetic hHO-DMDH/PH-CN provides direct proof that the low field bias arises overwhelmingly from H-bonding and not paramagnetic or ring current effects in both cases. For all except the Tyr 58 OH, the correction of the chemical shifts for its paramagnetic dipolar shifts and diamagnetic ring current from the porphyrin leads to very similar diamagnetic chemical shifts for the labile proton involved in the H-bond network in apohHO and hHO-DMDH-CN as listed in Table II .
The stereoviews of the detected relatively strong H-bonds in Fig. 8 show that the H-bonds always involve two different secondary structural elements but do not include helices A, B, or G (however, one NH (peak b in Fig. 2A involving a relatively strong H-bond in both hHO-DMDH-CN and apohHO cannot arise from helices A or B and may arise from a residue on helix G). The greater than usual strengths of these weak H-bonds and their largely retained strength in apohHO suggest that one important role for the H-bond network is to stabilize that portion of the molecular structure of hHO that is unaffected by substrate binding.
The CO 2 Ϫ H-bond strength requires definitive assignments and quantitation of the hyperfine shifts in hHO-DMDH/PH-H 2 O, which because it is high spin and exhibits, by a factor of ϳ20, stronger paramagnetic relaxation than the low spin cyanide complex (48) is more of a challenge but likely attainable (53, 54) . Such studies are in progress.
Comparison to the Crystal Structure of ApohHO-Comparisons of both the earlier crystal structure of aporHO (17) and much more recently that of apohHO (14) with the analogous substrate complexes have indicated a largely conserved structure involving helices C through H with only helices A and B exhibiting variable rearrangements. Thus the 1 H NMR data of apohHO in solution are completely consistent with the results of the crystal structures. In aporHO, helix A is not detected (17) likely due to dynamic or static disorder. The same helix A was observed in apohHO but with detectably different positions relative to the remainder of the apohHO in the four molecules of the unit cell (14) .
We were unable to locate any of the signals from residues of helices A or B and hence cannot shed any light on the positions of these helices. A weak contact between Phe 47 and Phe 37 , predicted in the crystal structure (14) and observed in hHO-DMDH/PH-CN (23), is not detected in apohHO, which, with the conserved Phe 47 contacts to Trp 96 and Phe 167 , suggests that it is Phe 37 that has undergone a small rearrangement upon loss of substrate. The inability to assign helices A and B in apohHO despite the ease of these assignments in hHO-DMDH/PH-CN (23) is due to the loss of the dipolar shifts for these residues, leaving the resonances unresolved in the congested aliphatic spectral window. The failure to observe any new, narrow crosspeaks indicative of increased mobility in apohHO relative to hHO-DMDH/PH-CN argues against the unfolding of the Nterminal 40 residues of apohHO in solution. Interestingly the crystal structure (14) of apohHO reveals a conserved orienta-tion of the Tyr 58 ring but detects a small reorientation of the Asp 140 carboxylate, which might be responsible, in part, for the decrease of the Tyr 58 OH H-bond strength upon loss of substrate.
Ordered Water Molecules-The observation of negative, steady-state NOEs (32) of comparable magnitude (ϳ15%) between water and the slowly exchanging NHs in the H-bond network together with essentially the same selective spin lattice relaxation rates for those labile protons in both hHO-DMDH/PH-CN (28) and apohHO (20 Ϯ 10 s Ϫ1 ) dictates that these ordered water molecules responsible for those NOEs (32) are conserved in apohHO. The positions of the seven water molecules (the four numbered water molecules were detected in the hHO-PH-H 2 O crystal structure (14) , while the three lettered water molecules were identified solely by solution 1 H NMR NOE in hHO-PH/DMDH-CN (28, 31)) proposed to account for the conserved NOEs are shown in Fig. 8 . These ordered water molecules were proposed to assist in the orientation of the water molecules that stabilize the novel hydroperoxy intermediate as well as serve as a conduit to the active site for the nine protons required per turnover (24, 28) . Their retention in apohHO suggests that they also play a key structural role in stabilizing the conserved topology of helices C-H as well as the proposed catalytic roles in the substrate complex. Comparison of the hHO-PH-H 2 O and apohHO crystal structures shows that the four water molecules in the crystal structure of hHO-PH-H 2 O that could result in several of the observed water NOEs in hHO-PH/DMDH/CN (24, 28) are in fact retained in the apohHO crystal structure (14) . 4 Dynamic Stability of hHO-The exchange of 1 H for 2 H of internal, slowly exchanging labile protons in an enzyme occurs due to transient, local unfolding or "opening" of the structure that exposes the labile proton to solvent (55) . For the presently observed, base-catalyzed exchange, the observed exchange rate, k obs , is related to the equilibrium constant for this local opening, K op (EX2 mechanism (55)), and the exchange rate for the exposed NH, k ex , via the relation, The k obs (ϭ Ϫ1 1 ⁄2 ) for apohHO and hHO-DMDH-CN are listed in Table III as is the ratio Q ϭ k* obs /k obs ϭ K* op /K op where the starred data refer to apohHO. The ⌬⌬G values deduced by Equation 6 are also listed. Inspection of Table III shows that, while the molecular structure involving helices C-H appears highly conserved, the structure is more readily deformed ("opened" locally) in the apohHO than substrate-bound complex, and that the deformability (decrease in dynamic stability) differs over the complex.
Helices Fig. 5, A and D) . The contacts between helix D and helix/ loop FG (Ala 165 and Phe 166 NH H-bond to Asp 92 ) are insignificantly destabilized upon loss of substrate (Q ϳ 1 for both in Table III ). The contacts between helices D and C (Arg 85 NH H-bond to Glu 62 CO 2 Ϫ ) and the contact between helix F and G (His 132 N ⑀ H H-bond to Glu 202 CO 2 Ϫ ) are significantly destabilized (by ϳ2 Ϯ 0.5 kcal/mol). Since the (distal) helix F (of the NMR-characterized helices in apohHO) experiences the largest perturbation in its environment upon loss of substrate, it is not surprising that it is dynamically destabilized in apohHO. A more extensive comparison of the dynamic stability will require more extensive assignments in both apohHO and hHO-DMDH-CN and the determination of the exchange rates for the non-resolved labile protons. Such studies are planned for a 15 N-labeled complex.
Conclusions-The available 1 H NMR assignments and structural characterization of the paramagnetic, cyanide-inhibited complex of substrate-bound human heme oxygenase (23, 24, 31) can be extended to the diamagnetic, substrate-free enzyme to demonstrate that the folding topology in solution for helices C-H is retained upon loss of substrate. The conserved structure could be confirmed by retained interhelical dipolar (NOE) contacts and strong H-bonds as well as by the essentially identical diamagnetic chemical shifts for observed residues. A network of relatively robust H-bonds and a series of ordered water molecules near these H-bond donors are observed in apohHO that are essentially unchanged from those observed in the substrate-bound, cyanide-inhibited complex (23, 28, 31) . We conclude that the conserved H-bond network among helices C-F and H and the ordered water molecules play key structural roles in the absence of substrate as well as provide a water proton channel to potentially funnel protons to the active site in the substrate complex.
